Endoplasmic reticulum (ER)-associated degradation (ERAD) is an essential part of an ER-localized protein quality-control system for eliminating terminally misfolded proteins. Recent studies have demonstrated that the ERAD machinery is conserved among yeast, animals, and plants; however, it remains unknown if the plant ERAD system involves plant-specific components. Here we report that the Arabidopsis ethyl methanesulfonate-mutagenized brassinosteroidinsensitive 1 suppressor 7 (EBS7) gene encodes an ER membranelocalized ERAD component that is highly conserved in land plants. Loss-of-function ebs7 mutations prevent ERAD of brassinosteroid insensitive 1-9 (bri1-9) and bri1-5, two ER-retained mutant variants of the cell-surface receptor for brassinosteroids (BRs). As a result, the two mutant receptors accumulate in the ER and consequently leak to the plasma membrane, resulting in the restoration of BR sensitivity and phenotypic suppression of the bri1-9 and bri1-5 mutants. EBS7 accumulates under ER stress, and its mutations lead to hypersensitivity to ER and salt stresses. EBS7 interacts with the ER membrane-anchored ubiquitin ligase Arabidopsis thaliana HMGCoA reductase degradation 1a (AtHrd1a), one of the central components of the Arabidopsis ERAD machinery, and an ebs7 mutation destabilizes AtHrd1a to reduce polyubiquitination of bri1-9. Taken together, our results uncover a plant-specific component of a plant ERAD pathway and also suggest its likely biochemical function.
ndoplasmic reticulum (ER)-associated degradation (ERAD) is an integral part of an ER-mediated protein quality-control system in eukaryotes, which permits export of only correctly folded proteins but retains misfolded proteins in the ER for repair via additional folding attempts or removal through ERAD. Genetic and biochemical studies in yeast and mammalian cells have revealed that the core ERAD machinery is highly conserved between yeast and mammals and that ERAD involves four tightly coupled steps: substrate selection, retrotranslocation through the ER membrane, ubiquitination, and proteasome-mediated degradation (1, 2) .
Because the great majority of secretory/membrane proteins are glycosylated in the ER, diversion of most ERAD substrates from their futile folding cycles into ERAD is initiated through progressive mannose trimming of their asparagine-linked glycans (N-glycans) by ER/Golgi-localized class I mannosidases, including homologous to α-mannosidase 1 (Htm1) and its mammalian homologs ER degradation-enhancing α-mannosidase-like proteins (EDEMs) (3) . The processed glycoproteins are captured by two ER resident proteins, yeast amplified in osteosarcoma 9 (OS9 in mammals) homolog (Yos9) and HMG-CoA reductase degradation 3 (Hrd3) [suppressor/enhancer of Lin-12-like (SEL1L) in mammals], which recognize the mannose-trimmed N-glycans and surface-exposed hydrophobic amino acid residues, respectively (4, 5) . The selected ERAD clients are delivered to an ER membraneanchored ubiquitin ligase (E3), which is the core component of the ERAD machinery (6) , for polyubiquitination. Yeast has two known ERAD E3 ligases, Hrd1 and degradation of alpha 10 (Doa10), both containing a catalytically active RING finger domain, whereas mammals have a large collection of ER membrane-anchored E3 ligases, including Hrd1 and gp78 (7) . The yeast Hrd1/Doa10-containing ERAD complexes target different substrates, with the former ubiquitinating substrates with misfolded transmembrane or luminal domains and the latter acting on clients with cytosolic structural lesions (8) .
Because of the cytosolic location of the E3′s catalytic domain and proteasome, all ERAD substrates must retrotranslocate through the ER membrane. It is well known that the retrotranslocation step is tightly coupled with substrate ubiquitination and is powered by an AAA-type ATPase, cell division cycle 48 (Cdc48) in yeast and p97 in mammals. However, the true identity of the retrotranslocon remains controversial. Earlier studies implicated the secretory 61 (Sec61) translocon, degradation in the endoplasmic reticulum 1 (Der1) [Der1-like proteins (Derlins) in mammals], and Hrd1 in retrotranslocating ERAD substrates (9) . After retrotranslocation, ubiquitinated ERAD clients are delivered to the cytosolic proteasome with the help of Cdc48/p97 and their associated factors for proteolysis (10) . In addition to the above-mentioned proteins, the yeast/mammalian ERAD systems contain several other components, including several ubiquitin-conjugating enzymes (E2), a membrane-anchored E2-recruiting factor, Cue1 that has no mammalian homolog, a scaffold protein U1-Snp1-associating 1 (Usa1) [homocysteine-induced ER protein (HERP) in mammals] of the E3 ligases, and a membrane-anchored Cdc48-recruiting factor, Ubx2 (Ubxd8 in mammals) (6) .
Significance
Endoplasmic reticulum (ER)-associated degradation (ERAD) is a well-studied cellular process in yeast and mammalian systems. Recent molecular and genetic studies in the reference plant Arabidopsis have revealed that ERAD also is conserved in plants.
Here we report that an Arabidopsis ERAD process for degrading misfolded/mutant receptor-like kinases requires a plant-specific protein, ethyl methanesulfonate-mutagenized brassinosteroidinsensitive 1 suppressor 7 (EBS7), that is localized to the ER membrane and is induced by ER stress. Our biochemical studies suggest that EBS7 functions as a key regulator of this Arabidopsis ERAD process by maintaining the protein stability of its core component, a membrane-anchored E3 ligase, Arabidopsis thaliana HMG-CoA reductase degradation 1a (AtHrd1a).
For many years ERAD has been known to operate in plants (11) , but the research on the plant ERAD pathway lagged far behind similar studies in yeast and mammalian systems. Recent molecular and genetic studies in the reference plant Arabidopsis, especially two Arabidopsis dwarf mutants, brassinosteroid-insensitive 1-5 (bri1-5) and bri1-9, carrying ER-retained mutant variants of the brassinosteroid receptor (BR) BRASSINOSTEROID-INSENSITIVE 1 (BRI1) (12) (13) (14) , revealed that the ERAD system also is conserved in plants (reviewed in refs. 15 and 16) . For example, the ERAD N-glycan signal to mark misfolded glycoproteins in Arabidopsis was found to be the same as that in yeast/mammalian cells (17, 18) . Both forward and reverse genetic studies have shown that Arabidopsis homologs of the yeast/mammalian ERAD components, including Yos9/OS9 (19, 20) , Hrd3/Sel1L (21, 22) , Hrd1 (21), EDEMs (23) , and a membrane-anchored E2 (24) , are involved in degrading misfolded glycoproteins. However, it remains unknown if the plant ERAD requires one or more plant-specific components to degrade terminally misfolded proteins efficiently. In this study, we took a forward genetic approach to identify a novel Arabidopsis ERAD mutant, ethyl methanesulfonate-mutagenized bri1 suppressor 7 (ebs7), and subsequently cloned the corresponding EBS7 gene. We discovered that EBS7 encodes an ER-localized membrane protein that is highly conserved in land plants but lacks a homolog in yeast or mammals. Our biochemical studies strongly suggested that EBS7 plays a key role in an Arabidopsis ERAD process by regulating the protein stability of the Arabidopsis thaliana HRD1a (AtHrd1a).
Results
The ebs7-1 Mutation Restores BR Sensitivity to bri1-9 by Blocking Degradation of Its Mutant BR Receptor. We previously showed that the dwarf phenotype of a BR-insensitive mutant, bri1-9, was caused by ER retention and subsequent ERAD of a structurally defective but biochemically competent BR receptor, bri1-9 (12, 13, 17) . A genetic screen for extragenic bri1-9 suppressors coupled with a secondary screen for bri1-9-accumulating mutants revealed a conserved ERAD N-glycan signal and also identified several conserved components of an Arabidopsis ERAD system (15, 19, 21) . This study is focused on a new mutant, ebs7-1. As shown in Fig. 1A , ebs7-1 bri1-9 accumulated a higher level of bri1-9 than the parental bri1-9 mutant (Fig. 1A) . A simple cycloheximide (CHX)-chase experiment revealed that the observed increase in bri1-9 abundance was caused largely by attenuated degradation rather than by increased biosynthesis of bri1-9 (Fig. 1B) . Similar to observations in other known Arabidopsis ERAD mutants (17) (18) (19) 21) , the accumulation of bri1-9 in the ER likely saturates its ER retention systems, leading to detection of a small percentage of bri1-9 proteins carrying the complex type (CT) N-glycans (indicative of ER escape) that are resistant to hydrolysis by endoglycosidase H (Endo H), which is capable of cleaving high-mannose-type (HM) N-glycans of ER-localized proteins but not Golgi-processed CT N-glycans (Fig. 1A) . Consistent with the Endo H result, a confocal microscopic analysis of the root fluorescent signals of the GFP-tagged bri1-9 revealed increased bri1-9-GFP abundance and enhanced fluorescent signal on the plasma membrane (PM) in a pBRI1:bri1-9-GFP/bri1-9 ebs7-1 transgenic line as compared with a pBRI1:bri1-9-GFP/bri1-9 EBS7
+ line generated by crossing the pBRI1:bri1-9-GFP/bri1-9 ebs7-1 line with bri1-9 ( Fig. S1 A and B) .
Morphologically, ebs7-1 bri1-9 has a larger rosette with much bigger rosette leaves than bri1-9 (Fig. 1C) . The double mutant also has a longer hypocotyl when grown in the dark and taller inflorescence stems at maturity than bri1-9 ( Fig. 1 D and E) . Consistent with the detection of a small pool of ER-escaping bri1-9, ebs7-1 bri1-9 partially regains the BR sensitivity. As shown in Fig. 1F , exogenously applied brassinolide (BL) inhibited the root growth of wild-type and ebs7-1 bri1-9 plants in a dose-dependent manner but had a much weaker impact (especially at concentrations <10 nM) on bri1-9 roots. The regained BR sensitivity in ebs7-1 bri1-9 was confirmed by a widely used biochemical assay that measured the BR-induced dephosphorylation of bri1-EMS-suppressor 1 (BES1), a key transcription factor of BR signaling (25) . Fig. 1G shows that BL had a marginal effect on the BES1 phosphorylation status in bri1-9 but efficiently and partially dephosphorylated BES1 in wildtype and ebs7-1 bri1-9 seedlings, respectively. Importantly, overexpression of EBS2, a limiting component of the bri1-9's ERretention systems (12) , fully retained bri1-9 in the ER (Fig. S1D ) and nullified the suppressor activity of ebs7-1 on bri1-9 ( Fig. S1C ).
ebs7-1 Inhibits the Degradation of Other ERAD Substrates. To determine if ebs7-1 inhibits the degradation of other known Arabidopsis ERAD clients, we first crossed ebs7-1 into bri1-5 that carries a different ER-retained mutant BR receptor, bri1-5 (14) . As shown in Fig. 2A , ebs7-1 suppressed the dwarfism of bri1-5 ( Fig. 2 A and B and Fig. S2A ), restored its BR sensitivity ( Fig. 2 C and D), and greatly elevated the bri1-5 level (Fig. 2E) . The crucial role of EBS7 in ERAD of bri1-5 was confirmed further by the identification of two allelic ebs7 mutants in an independent genetic screen for ERAD mutants of bri1-5 ( Fig. S2 B and C) .
We also examined the effect of ebs7-1 on ERAD of the ERretained conformer of EF-Tu receptor (EFR), an Arabidopsis PMlocalized immunity receptor that recognizes and binds the bacterial translation elongation factor EF-Tu (26) . Previous studies demonstrated that the proper folding of EFR requires an Arabidopsis ER quality-control system consisting of EBS1 and EBS2 [also known as "priority in sweet life2 (PSL2)/elf18-insensitive21" (PSL2/ELFIN21) and PSL1/ELFIN5 (27, 28) , respectively] and that their loss-offunction mutations cause misfolding, ER retention, and ERAD of EFR (29) . We crossed ebs7-1 into ebs1-3 bri1-9 and analyzed the EFR abundance in both ebs1-3 bri1-9 and ebs7-1 ebs1-3 bri1-9 mutants using an anti-EFR antibody. As shown in Fig. 2F , although no EFR was detected in ebs1-3 bri1-9, the EFR abundance in ebs1-3 ebs7-1 bri1-9 mutants was similar to that in wild type, bri1-9, or ebs7-1 bri1-9 plants, indicating that EBS7 also is required for degrading misfolded EFR. Taken together, our data demonstrated that EBS7 is required for the degradation of both mutant BR receptors and misfolded EFR.
Molecular Cloning and Characterization of the EBS7 Gene. To understand how ebs7-1 affects the Arabidopsis ERAD system, we positionally cloned the EBS7 gene. PCR-based genetic mapping delimited the EBS7 locus within an 850-kb region on chromosome 4 (Fig. 3A) , which includes two candidate ERAD genes. One, At4g29330, encodes a homolog of the yeast Der1 known to be involved in ERAD (30) (31) (32) , and the other, At4g29960, is coexpressed with many known/ predicted ER proteins including three ERAD genes, EBS5 (At1g18260), EBS6 (At5g35080), and DERLIN-2.1 (At4g21810) (Fig.  S3A) (33) . We PCR-amplified and sequenced the two candidate genes from ebs7-1 bri1-9. Comparison of the resulting sequences with the published Arabidopsis wild-type sequences detected no mutation in At4g29330 but identified a G→A mutation in At4g29960 that causes a missense mutation of Ala 131 to Thr (Fig. 3B) . Its identity as the EBS7 gene was supported by sequencing At4g29960 in two allelic ebs7 mutants (ebs7-2 and ebs7-3) discovered in an independent genetic screen for bri1-5 suppressors (Fig. S2 B and C) . In both mutants, a G→A mutation was detected that changes Gly 74 to Glu in ebs7-2 and disrupts the correct splicing of the At4g29960 mRNA in ebs7-3 (Fig. 3B) . Further support for At4g29660 being the EBS7 gene came from our complementation experiment showing that a genomic At4G29960 transgene rescued the morphological and biochemical phenotypes of the ebs7-1 mutation (Fig. 3 C-E and Fig. S2D ).
EBS7 Is a Plant-Specific Protein Conserved in Land Plants. The EBS7 gene consists of five exons plus four introns (Fig. 3A) , encodes a predicted polypeptide of 291 amino acids (Fig. S4A) , and is ubiquitously expressed in Arabidopsis tissues/organs (Fig. S3B) (34) . BLAST searches failed to identify any known protein motif in EBS7 or to discover EBS7 homologs in fungi or animals but did find EBS7 homologs in land plants, including Physcomitrella and Selaginella (Fig. S4) . Sequence alignment between EBS7 and its plant homologs identified two major conserved regions, one in the middle and the other at the C terminus (Fig. S4A) . The annotated At4g29960 protein was predicted to contain three transmembrane segments [aramemnon.botanik.uni-koeln.de/tm_sub.ep?GeneID= 31811&ModelID=0 (35)], with the first two corresponding to the conserved middle region and the third overlapping with the conserved C terminus (Fig. S4A) (Fig. S4A) . It is also worth mentioning that both the Ala 131 -to-Thr and Gly
74
-to-Glu mutations greatly reduce the abundance of ebs7 protein, likely because of potential misfolding of the mutant ebs7 proteins and their subsequent degradation ( Fig. 3D and Fig. S2 C and D) . fraction, which often is contaminated with organellar membrane proteins such as ER proteins. To determine where EBS7 localizes, we generated two GFP fusion constructs (with GFP fused at the N or C terminus of EBS7) driven by the constitutively active 35S promoter and transformed the two fusion constructs into ebs7-1 bri1-9. Only the GFP-EBS7, but not EBS7-GFP, transgene rescued the ebs7-1 mutation (Fig. S5A) , indicating that GFP-EBS7 was physiologically functional. When GFP-EBS7 was transiently expressed in tobacco leaf epidermal cells, its subcellular localization pattern overlapped with that of a known ER maker, His-Asp-Glu-Leu-tagged red fluorescent protein (RFP-HDEL) (Fig. 3F) (38) . Consistently, confocal microscopic analysis of the root tips of rescued GFP-EBS7/ebs7-1 bri1-9 transgenic seedlings revealed colocalization of GFP-EBS7 with another ER marker, ER Tracker Red dye (Fig. S5B) . We also performed a subcellular fractionation experiment that separated soluble proteins from membrane proteins of wild-type Arabidopsis seedlings, which were analyzed further by immunoblot using antibodies against EBS2 [an ER luminal protein (12)], EBS5 [an ER membraneanchored protein (21)], and EBS7. As shown in Fig. 3G , EBS2 was detected exclusively in the soluble fraction, but both EBS5 and EBS7 were detected only in the membrane fraction. Taken together, these experiments indicated that EBS7 is an ER membrane protein.
Consistent with its pattern of coexpression with genes of ER chaperones/folding enzymes (Fig. S3A) , the EBS7 protein level was increased when the Arabidopsis seedlings were treated with tunicamycin (TM) (Fig. 4A) , an N-glycan biosynthesis inhibitor widely used to induce ER stress (39) . ER stresses can activate an ER stress-signaling pathway widely known as "unfolded protein response" (UPR) that increases expression of genes encoding ER chaperones, folding enzymes, and ERAD components to mitigate ER stress and maintain ER homeostasis (40, 41) .
The ebs7-1 Mutation Causes the UPR and Results in Hypersensitivity to ER/Salt Stresses. Interestingly, the levels of several known ER resident proteins were elevated in ebs7-1 even when ebs7-1 seedlings were grown on normal growth medium (Fig. 4A) , indicating that the ebs7-1 mutation constitutively activated the UPR in the absence of TM. This finding is consistent with the crucial role of EBS7 in ERAD: Given the error-prone nature of protein folding, a compromised ERAD process would lead to the accumulation of many misfolded proteins in the ER, activating the UPR. Although ebs7-1 seedlings exhibited no obvious growth phenotype (Fig. 4B ), they were hypersensitive to a low concentration of DTT (Fig. 4 B  and C) , a reducing agent known to induce ER stress by interfering with the formation of the disulfide bonds important for obtaining native protein conformations. Consistent with earlier studies of other Arabidopsis ERAD mutants (20, 22) , ebs7 mutants also displayed increased salt sensitivity (Fig. S6) .
The ebs7-1 Mutation Inhibits bri1-9 Ubiquitination. Because an ER membrane-anchored E3 ligase is the central ERAD component (6) , and our previous study revealed a redundant function of the two Arabidopsis homologs of the yeast Hrd1 in degrading bri1-9 (21), we examined if ebs7-1 affects bri1-9 ubiquitination using transgenic Arabidopsis lines expressing pBRI1:BRI1/bri1-9-GFP in wild-type or ebs7-1 seedlings. As shown in Fig. 5A , although bri1-9-GFP in the EBS7 + background was polyubiquitinated, no polyubiquitin signal was detected on bri1-9-GFP immunoprecipitated from the bri1-9-GFP ebs7-1 seedlings, despite its increased abundance. As expected, no anti-ubiquitin signal was detected on BRI1-GFP in the ebs7-1 or EBS7 + background. Thus, we concluded that ebs7-1 likely blocks the bri1-9 ubiquitination.
EBS7 Is Important for Maintaining the Stability of AtHrd1a. Based on the current ERAD model (1, 16) , an ERAD client is recognized and recruited by two recruitment factors, Hrd3/Sel1L and Yos9/ OS9, and subsequently is delivered to the membrane-anchored E3 ligase Hrd1. To test if ebs7-1 affects the recruitment step of the bri1-9 ERAD process, we analyzed the interaction of bri1-9-GFP with EBS5, the Arabidopsis homolog of Hrd3/Sel1 (21) . As shown in Fig. 5A , a strong interaction between bri1-9-GFP and EBS5 was detected in the ebs7-1 mutant by a coimmunoprecipitation (coIP) experiment. We also examined if ebs7-1 might affect the assembly of the AtHrd1a complex that includes the two recruitment factors. Fig. 5B shows that the ebs7-1 mutation has a little impact on the EBS5-AtHrd1a interaction. Taken together, these results suggest that ebs7-1 is unlikely to affect an ERAD step upstream of the bri1-9 ubiquitination.
We suspected that EBS7 might interact directly with AtHrd1. To test our hypothesis, we performed a coIP experiment using a transgenic Arabidopsis line expressing C-terminally GFP-tagged AtHrd1a, which functionally complemented an hrd1a hrd1b double mutant in a bri1-9 background (Fig. S7A) . Fig. 5B shows that the coIP experiment that assayed the EBS5-AtHrd1a binding also revealed a strong AtHrd1a-EBS7 interaction, which was confirmed by a reciprocal coIP experiment with the same transgenic seedlings (Fig. S7B) and a yeast two-hybrid assay using truncated variants of EBS7 and AtHrd1a (Fig. S7 C and D) .
We hypothesized that EBS7 binds AtHrd1a to regulate its stability and/or activity. Because of the lack of an AtHrd1a antibody, it was impossible to compare the AtHrd1a levels in bri1-9 and ebs7-1 bri1-9 mutants directly. Instead, we used AtHrd1a-GFP transgenic Arabidopsis seedlings, which were treated with 180 μM CHX, to analyze if ebs7-1 reduces the stability of AtHrd1a. Fig. 5C shows that AtHrd1a was quite stable in wildtype seedlings but became unstable in ebs7-1 plants, suggesting that EBS7 plays an important role in maintaining the protein stability of the ER membrane-anchored E3 ligase. Interestingly, a short treatment of MG132, a known inhibitor of proteasome, greatly increased AtHrd1a abundance in ebs7-1 but had a marginal effect on that of the AtHrd1a-GFP EBS7 + transgenic line (Fig. 5D ). The MG132 result not only confirmed the role of EBS7 in regulating the AtHrd1a stability but also suggested that AtHrd1a in ebs7-1 might be degraded via a proteasome-mediated pathway.
Discussion

EBS7 Is a Plant-Specific ER Membrane-Anchored Component of an
Arabidopsis ERAD System. Despite rapid progress in understanding the plant ERAD process, it remains unknown if plant ERAD involves a plant-specific component, because all previous studies identified homologs of known components of the yeast/mammalian ERAD pathways (see review in ref. 16) . In this study, we show that EBS7 is a plant-specific component of the Arabidopsis ERAD machinery. First, all three ebs7 mutants were isolated in two independent genetic screens for potential ERAD mutants defective in degrading bri1-9 or bri1-5, and our subsequent biochemical experiments confirmed that ebs7 mutations prevented the degradation of two ER-retained mutant variants of BRI1 (Figs. 1 and 2 ). Our study showed that ebs7-1 also blocked ERAD of a misfolded conformer of an Arabidopsis immunity receptor, EFR (Fig. 2F) . Second, multiple previous microarray experiments revealed that EBS7/ At4g29960 is coexpressed with genes encoding ERAD components and other ER-localized chaperones/folding catalysts (Fig. S3A) ; this coexpression was the main reason for its being considered a prime candidate gene for map-based cloning. We also showed that EBS7 is an ER-localized membrane protein that accumulates in response to ER stress (Figs. 3F and 4A) . Third, our biochemical assays demonstrated that EBS7 interacted with at least two known ERAD components, EBS5 and AtHrd1a (Fig. 5B and Fig. S7) , and that ebs7-1 inhibited the ubiquitination of the bri1-9 protein (Fig. 5A) . Fourth, in line with previous observations of other known Arabidopsis ERAD components (20, 22) , we found that loss-of-function ebs7 mutations constitutively activated the UPR and led to increased sensitivity to ER/salt stresses (Fig. 4 and Fig. S6 ). Last, BLAST searches against protein databases failed to identify EBS7 homologs in fungi or animals but discovered highly similar proteins in land plants, including Selaginella and Physcomitrella (Fig. S4) .
EBS7 Plays an Important Role in Regulating AtHrd1a Stability. Although our data do not exclude the possibility that EBS7 is necessary for the ubiquitin ligase activity of AtHrd1a, our study strongly suggests that EBS7 regulates the stability of the AtHrd1a protein. Our CHX-chasing assay revealed that ebs7-1 greatly increased the degradation rate of AtHrd1a (Fig. 5C ), and our MG132 assay indicated that a brief treatment with the proteasome inhibitor significantly increased the AtHrd1a abundance (Fig. 5D) . It is well known that yeast and mammalian ERAD E3 ligases are regulated by self-/heterologous ubiquitination (42) , and our observed EBS7-AtHrd1a interaction suggested that EBS7 binding could prevent the self-/heterologous ubiquitination activity and subsequent degradation of the Arabidopsis ERAD E3 ligase. Alternatively, EBS7 might be involved in the assembly of an AtHrd1a-containing ERAD complex because EBS7 also interacts with EBS5 (Fig. S7E) , the Arabidopsis homolog of Hrd3/SEl1L, which functions as one of the two recruitment factors for a committed ERAD client. Although the ebs7-1 mutation had little effect on the EBS5-AtHrd1a interaction (Fig. 5B) , it could interfere the binding of AtHrd1a with other components of the Arabidopsis ERAD machinery, including another ERAD client-recruitment factor, EBS6 (19, 20) , an ER membrane-anchored E2, UBC32 (24) , and/or one or more Arabidopsis homologs of the yeast Der1/mammalian Derlins. It also is possible that ebs7 mutations compromise the AtHrd1a oligomerization. It is well known that the ER-mediated protein qualitycontrol system retains and degrades not only misfolded proteins, such as bri1-5, bri1-9, and misfolded EFR, but also improperly assembled polypeptides. An improperly assembled AtHrd1a thus could be degraded by an AtHrd1a-independent ERAD pathway. It is interesting that both the yeast Usa1 and mammalian HERP are known to interact directly with their corresponding ER membraneanchored E3 ligases and are thought to regulate the stability and/or oligomerization of their interacting E3 ligases (43) (44) (45) . Despite the absence of sequence homology with Usa1 and HERP, both of which carry an ubiquitin-like domain at the N terminus, EBS7 could be a functional homolog of Usa1/HERP. However, our complementation experiments revealed that EBS7 failed to complement a yeast Δusa1 mutant and that a HERP transgene driven by the strong 35S promoter was unable to rescue the ebs7-1 mutation (Fig. S8) . We hypothesize that the biochemical mechanism by which EBS7 regulates the stability and/or oligomerization of the Arabidopsis Hrd1 homologs might be different from the mechanism by which Usa1/HERP regulate their interacting ERAD E3 ligases. Further investigation is needed to understand fully the biochemical function of this plant-specific component in regulating a highly conserved plant ERAD pathway.
Materials and Methods
Details of map-based cloning of EBS7, plasmid construction, generation of transgenic plants, expression of fusion proteins in Escherichia coli, generation of antibodies, and immunoblot, membrane fractionation, and coIP experiments are given in SI Materials and Methods. Oligonucleotides used in this study are given in Table S1 .
Plant Materials and Growth Conditions. Most of the Arabidopsis wild-type, mutant, and transgenic plants used in the study are in the Columbia-0 (Col-0) ecotype, except for bri1-5, its two allelic ebs7 suppressors (ebs7-2 and ebs7-3), and a different bri1-9 mutant (used for mapping the EBS7 locus), which are all in the Wassilewskija-2 (Ws-2) ecotype. Methods of seed sterilization and plant growth conditions were described previously (46) , and the rootgrowth inhibition assay on BL-containing medium was performed according to a previously described protocol (47) .
Tobacco Transient Expression and Confocal Microscopic Analysis of EBS7-GFP Fusion Proteins. The Agrobacterium strains carrying the p35S:EBS7-GFP or p35S:RFP-HDEL plasmid were mixed and coinfiltrated into leaves of 5-wkold tobacco (Nicotiana benthamiana) plants by the agro-infiltration method (48) . The subcellular localization patterns of EBS7-GFP and RFP-HDEL proteins were examined using a Leica confocal laser-scanning microscope (TCS SP5 DM6000B) and LAS AF software (Leica Microsystems). GFP and RFP were excited by using 488-and 543-nm laser lights, respectively. 
